Here, we report a strategy for constructing {[Tb(BA) 3 phen + Eu(BA) 3 phen]/ PAN}// [PANI/PAN] (BA = benzoic acid, phen = phenanthroline, PANI = polyaniline, PAN = polyacrylonitrile) hetero-structured microyarns simultaneously endowed with the bi-functionality of tunable luminescence colors and electrical conductivity by using a conjugate electrospinning technique. The obtained hetero-structured microyarns are composed of [Tb(BA) 3-phen + Eu(BA) 3 phen]/PAN luminescent nanofibers and PANI/PAN electrically conductive nanofibers, realizing efficient separation of dark-colored PANI from rare earth (RE) complexes, and thus the enhanced luminescent performance is obtained. Under 276-nm ultraviolet light excitation, the emitting light color of the hetero-structured microyarns can be adjusted in a broad range of green-yellow-red by changing the proportion of RE complexes. The electrical conductivity of the hetero-structured microyarns also can be modulated via tuning the percentages of PANI. These hetero-structured microyarns, by virtue of their luminescent properties and electrical performance, are expected to be applied in multifunctional applications.
INTRODUCTION
With the rapid development of modern science and technology, the requirements for developing nano/micro materials are on the increase. Since the monofunctional nanomaterials cannot satisfy the complex demands of actual applications, researchers have devoted increasing attention to materials composed of two or more kinds of components with desirable performances that are highly integrated into one material. Such multifunctional nanomaterials exhibit obvious advantages. 23, 24 Among the kinds of multifunctional nanomaterials, those with adjustable fluorescent color-electricity bifunctionality are possible candidates in the fields of color display, biomedicine and electronics. 25, 26 For example, Lun and co-workers prepared [Tb(BA) 3 phen + Eu(BA) 3 phen]/polyaniline(PANI)/ polyvinylpyrrolidone(PVP) nanofibers via a simple electrospinning method. 26 Rare earth (RE) complexes, as luminescent materials, have excellent properties including multicolor emission through doping different RE ions, high efficiency downconversion luminescence and high photostability, which display unique multifunctional features and potential applications. [27] [28] [29] [30] Conductive polymers like PANI, polypyrrole (PPy), polyacetylene (PA), and polythiophene have many desirable characteristics such as good mechanical properties, excellent environmental stability and tunable conductivity. 31, 32 PANI, in particular, with low cost, easy preparation and high pseudocapacitance has become a popular material for applications in chemical sensor, supercapacitors, antistatic coatings, etc. [33] [34] [35] [36] As we know, the luminescent property of RE complexes will greatly decrease if PANI is directly mixed with them; therefore, we must avoid their direct contact if we wish to obtain multifunctional nanomaterials with strong fluorescence properties. Thus, we urgently need to find new methods to achieve effective separation of the two substances.
Over the past a few years, electrospinning has gained more and more attention as one of the most effective and applicable methods for fabricating functional nanofibers for potential use in optical devices, filtration, tissue engineering, sensors and biomaterials. [37] [38] [39] [40] [41] [42] [43] Electrospun nanofibers are always fascinating, based on their unique properties such as large surface areas, high tensile strength, porosity and the ability to be endowed with multiple functions. [44] [45] [46] However, most of the current electrospun nanofibers are collected in the shape of conventional non-woven membranes with relatively disordered structure and weak mechanical properties, which has limited the applications of nanofibers. [47] [48] [49] [50] Recently, many researchers have shifted their attention from unordered nanofiber membranes to oriented nanofiber bundles or yarns in order to overcome this obstacle and open up new application areas for nanofibers. [51] [52] [53] Several efforts have been reported for fabricating nanofiber yarns with highly aligned structure, unique performance and new applications. Fahimeh and co-workers prepared nanostructured polyacrylonitrile (PAN) yarns by using liquid crystal graphene oxide and PAN. The research provides a new technique for the fabrication of continuously, strongly, and uniformly twisted nanofiber yarns. 54 Fan and co-workers fabricated heterogeneous nanofiber yarns with well-organized structure and excellent bifunctionality of fluorescence and magnetism by using a conjugate electrospinning technique. 55 Li and coworkers reported a dual spinneret system to prepare uniform poly(L-lactic acid) (PLLA) nanofiber yarn which was constructed of uniaxially aligned nanofibers. 56 Wu and co-workers manufactured uniaxially aligned coaxial nanofiber yarn (UACNY) consisting of PANI/PAN core-shell structured nanofibers by combining a new electrospinning technique with an in situ solution polymerization process; the resulting UACNY exhibited stable structure, excellent mechanical performance and high gas sensing properties, and will likely have potential applications in wearable smart textiles. 57 PAN has been widely applied in preparing electrospun nanofibers, which show merits like spinnability, commercial availability, etc. [58] [59] [60] [61] Herein, we designed and assembled tunable luminescent color-electricity bi-functionality into one single new-typed {[Tb(BA) 3 phen + Eu(BA) 3 3 phen + Eu(BA) 3 phen]/PAN color-tuned luminescent nanofibers and PANI/PAN electrical nanofibers, and so is termed a hetero-structured microyarn. The rational design conception enables efficient separation of conductive substances (PANI) from RE complexes, achieving enhanced luminescence and electrical performance, which might pave the way for future applications. To manifest the unique properties of hetero-structured microyarn, {[Tb(BA) 3 phen + Eu(BA) 3 phen]/PANI/PAN} microyarn, which is denoted as homo-structured microyarn, was also fabricated by the same method. The homo-structured microyarn is composed of only one kind of nanofiber, namely [Tb(BA) 3 phen + Eu(BA) 3 phen]/PANI/PAN nanofibers. Subsequently, the samples were measured by using a series of modern characterizations, and some new interesting results were gained. As far as we know, there is no literature on manufacturing microyarns with luminescent color-electricity bi-functionality. Moreover, the new hetero-structured microyarns have possible applications in full-color displays, sensor, drug targeting and imaging. 
Syntheses of Terbium and Europium Complexes
In this study, we used the traditional method described in our previous work to prepare terbium and europium complexes. 62 Oxidant APS and solvent DMF were mixed uniformly in another glass bottle. Both of the solutions were kept at 0°C for 1 h, and were then mixed together. After that, the mixture was mechanically stirred in an ice-water bath for 2 h. Subsequently, the reaction system was kept at 0°C for 24 h to form spinning solution B for the fabrication of electrically conductive nanofibers. The amounts of materials in spinning solution A and B are listed in Tables I and II , respectively. The hetero-structured microyarns prepared by S A1 // S B2 , S A2 //S B2 , S A3 //S B2 , S A4 //S B2 , S A5 //S B2 , S A6 //S B2 , S A7 //S B2 , S A4 //S B1 , S A4 //S B3 and S A4 //S B4 are defined as S1-S10.
In this work, we used a conjugate electrospinning technique to prepare hetero-structured microyarns. Figure 1 schematically illustrates the formation process of hetero-structured microyarns. The process involves three parts: (1) Solution A and solution B were respectively drawn into two plastic syringes connected to the negative and positive power supplies. Then the syringes were fixed on the left and right sides of the funnel and the metal wire was placed under the funnel. The charged jets were ejected after the power supplies were connected. Then the ordered nanofibers were generated between the edges of funnel and metal wire, as depicted in Fig. 1a . (2) Hollow-cone shaped nanofiber bundles were formed via revolving the funnel, and the twisted microyarn was simultaneously obtained between the nanofiber bundles and the endpoint of the metal wire, as seen in Fig. 1b . (3) The length of the microyarn become longer by slowly moving down the wire. After the length of the microyarn was enough, the microyarn was wrapped around the metal rod to achieve continuous and automatic collection, as displayed in Fig. 1c . The PAN-based microyarns were obtained at room temperature, 30 ± 5% of relative humidity and 100 r min À1 of funnel rotating speed. To study the influence of twisting degree on the electrical properties of the microyarns, a series of hetero-structured microyarns were prepared by using solutions A4 and B2 under various revolving velocities of the funnel. The rotational speeds of funnel were 10 r min À1 , 40 r min À1 , 70 r min À1 and 100 r min
À1
, and the corresponding samples were expressed as S11, S12, S13 and S4, respectively. To demonstrate the superiority of the heterostructured microyarns, luminescent-electrical bifunctional homo-structured microyarns were also prepared as a contrast sample, which was named as S14. The fabrication of S14 was similar to that of hetero-structured microyarns (S4) except for the spinning solution. Spinning solution for fabricating S14 was produced as follows: solutions A4 and B2 were blended together in a conical flask under mechanical stirring for 2-3 h; the volume ratio of the solution A4 to solution B2 was set as 1:1. Then, conjugate electrospinning was carried out until the spinning solutions were simultaneously and completely consumed.
Characterization
The morphology of the microyarns was characterized by scanning electron microscope (SEM, XL-30). The composition of the microyarns was analyzed via energy-dispersive x-ray spectroscopy (EDS), which was attached to the SEM equipment. The conductivity of the samples was detected by using a four-probe tester (RTS-4). A fluorescence spectrophotometer F-4500 was used to analyze the luminescent performance of microyarns.
RESULTS AND DISCUSSION

Morphology and Structure
The morphology and structural characteristics of the hetero-structured and homo-structured microyarns were investigated by SEM with different magnifications. As shown in Fig. 2a and e, it is obviously observed with low magnification of SEM that the rope-shaped samples have clearly twisted Fig. 2c and g, the arrangement of the nanofibers in the microyarns is very regular, which widens the application fields of the nanofibers. The EDS spectra of heterostructured and homo-structured microyarns are displayed in Fig. 2b and f, which evidence the existence of C, N, O, Eu, Tb, Pt and S elements. Element Pt results from the conductive film coated on the surface of the samples for SEM observation. Figure 2d and h show the histograms of the diameter distribution of nanofibers in the hetero-structured and homo-structured microyarns. The average diameters of the as-obtained hetero-structured microyarns and their inner nanofibers were 186 lm and 508 ± 11 nm, respectively, and the mean diameters of the homo-structured microyarns and their interior nanofibers, respectively, were 166 lm and 477 ± 6 nm.
Luminescent Performance
We first study the luminescent properties of hetero-structured microyarns with various proportions of RE complexes. The mass percentage of total content of RE complexes to PAN was set as 15% and the mass proportions of terbium to europium complexes respectively were 10:0 (S1), 8:2 (S2), 6:4 (S3), 5:5 (S4), 4:6 (S5), 2:8 (S6) and 0:10 (S7). In order to avoid the luminescent properties of the microyarns affected by the contents of PANI, the percent of PANI to PAN is fixed at 30%. Figure 3a and b are the excitation spectra of hetero-structured microyarns when the monitored wavelengths were 544 nm and 615 nm, respectively. As seen in Fig. 3a and b, there is a wide excitation peak between 200 nm and 375 nm and a maximum peak at 276 nm, which is attributed to the p fi p* electron transition of the ligands. At the same time, by raising or decreasing the contents of RE complexes, the excitation peak intensity of the microyarns is also increased or weakened. Hence, from what has been discussed above, we can reasonably arrive at the conclusion that both the terbium and europium complexes can be simultaneously and efficiently excited by 276-nm ultraviolet (UV) light.
The emission spectra of hetero-structured microyarns (S1-S7) with various mass proportions of Tb(BA) 3 phen to Eu(BA) 3 phen are shown in Fig. 4a . It is evidently seen that there are four main emission peaks, respectively located at 490 nm, 544 nm, 592 nm and 615 nm, which are attributed to the 5 3 phen into microyarns, the emission peaks ascribed to Eu 3+ ions show an upward tendency and those assigned to Tb 3+ ions are decreased, and vice versa. To more distinctly highlight the above trends, the intensities of the characteristic emission peaks of hetero-structured microyarns are depicted in Fig. 4b . Hence, the luminescent intensity of the hetero-structured microyarns can be adjusted by modulating the proportion of RE complexes when the excitation light is 276 nm. Figure 5 shows the fluorescence decay curves of Tb 3+ and Eu 3+ ions in hetero-structured microyarns with various proportions of Tb(BA) 3 phen to Eu(BA) 3 phen complexes. These decay curves illustrate the decay lifetime and demonstrate the where I t and I 0 respectively are the intensity at time t and t = 0, s is the decay lifetime. Average decay lifetime of Tb 3+ and Eu 3+ ions in the as-obtained samples are also displayed in Fig. 5 . It is found that the lifetime of Tb 3+ ions is shortened with adding more contents of Tb(BA) 3 phen, as shown in Fig. 5a . Similarly, with the increase of Eu 3+ ion contents, the fluorescence lifetime is also decreased, as illustrated in Fig. 5b . This may be explained as follows: by introducing more Tb(BA) 3 phen complexes into microyarns, more aggregates of Tb(BA) 3 phen are generated, and the exciton migration among Tb(BA) 3 phen cut down the fluorescence lifetime of Tb 3+ ions. The same is true for Eu(BA) 3 phen. In order to further understand the luminescent colors of the hetero-structured microyarns, the CIE chromaticity coordinates diagram of the microyarns were obtained by using CIE software, as displayed in Fig. 6 , and the corresponding color coordinates are listed in Table III . As seen in Fig. 6 , the color of light emitted from the samples under 276-nm UV illumination appears in the red area, yellow area and green region, which means that the luminescence color range of the samples from green, yellow to red can be tailored by adjusting the proportions of Tb 3+ and Eu 3+ ions. We also investigated the luminescence properties of hetero-structured microyarns with different amounts of PANI (S4, S8-S10). The mass percentages of PANI were set to 15% (S8), 30% (S4), 50% (S9) and 70% (S10), while the proportion of Tb 3+ to Eu 3+ ions was fixed at 5:5. As shown in the left part of Fig. 7 , one can see that the intensities of emission peaks decrease with the addition of PANI contents. Previous study reveals that PANI has strong absorption for light in the region of 400-800 nm. 64 Hence, PANI can absorb the emission light in the wavelengths of 490 nm, 544 nm, 593 nm and 615 nm and excitation light in the wavelength of 276 nm of the hetero-structured microyarns. Further, the more PANI added into the hetero-structured microyarns, the stronger the light absorption by PANI, and the deeper green the color of the samples. 65 The CIE chromaticity coordinates for the microyarns with excitation at 276-nm UV light are illustrated in the right part of Fig. 7 , and the corresponding color coordinates are summarized in Table IV . Under the condition of fixing the proportion of Tb 3+ and Eu 3+ ions and increasing PANI contents, the emission light color of the yarns slightly changes, but it is still yellow. The analysis results mean that the color of light emitted by the microyarns is little influenced by the change of PANI contents.
The excitation (a, b) and emission (c) spectra of hetero-structured microyarns (S4) and homo-structured microyarns (S14) are revealed in Fig. 8 . The interesting finding is that hetero-structured microyarns possess excellent luminescent properties, but the homo-structured microyarns show very weak intensity of excitation and emission peaks under the same compositions, contents, preparation methods and conditions. The luminescent intensity of heterostructured microyarns is significantly improved, which is about 33 times larger than that of homostructured microyarns. In order to explain the above phenomenon more obviously and intuitively, the schematic diagrams of the light in hetero-structured and homo-structured microyarns are demonstrated in Fig. 9 , which displays the detailed internal structure of the microyarns. As manifested in Fig. 9a , hetero-structured microyarns are composed of two kinds of nanofibers which are green-colored PANI/PAN electrical nanofibers and white-colored luminescent [Tb(BA) 3 phen + Eu(BA) 3 phen]/PAN nanofibers, respectively. RE complexes and PANI are distributed in different nanofibers, making the luminescence intensities of Tb 3+ and Eu 3+ ions almost unaffected by PANI. This peculiar structure greatly improves the overall luminescence of the hetero-structured microyarns to a certain extent. As illustrated in Fig. 9b , homo-structured microyarns contain only one kind of nanofiber, namely the green-colored composite nanofibers. RE complexes and PANI are randomly distributed in every nanofiber in the homo-structured microyarns. Hence, the excitation light must pass through PANI to reach and excite the Tb(BA) 3 phen and Eu(BA) 3-phen complexes. As this partial excitation light is absorbed by PANI in this process, the excitation light is weakened before approaching the RE complexes. Analogously, the emission light emitted by RE complexes also has to across the PANI and is absorbed by them. The result is that both the excitation light and the emission light are badly decreased. This explains why hetero-structured microyarns have superior luminescence properties. Fig. 8 . Excitation spectra monitored at 544 nm (a), 615 nm (b) and emission spectra (c) of hetero-structured microyarns (S4) and homostructured microyarns (S14).
Electrical Properties
The electrical conductivities of homo-structured microyarns and hetero-structured microyarns with different percentages of PANI were measured by a four-probe tester, and the test results are shown in Table V . It is well-known that the charge transport ability provided by connecting conductive network plays a very important role in the conductivity of PANI. 66 As seen in Table V , the average conductivity values of the hetero-structured microyarns increase gradually from 2.58 9 10 À4 S cm À1 to 4.03 9 10 À3 S cm À1 , while the percentages of PANI to PAN range from 15% to 70%. The electrical conductivity of the hetero-structured microyarns can be adjusted by modulating the contents of PANI. This result can be interpreted by the fact that with addition of more PANI into hetero-structured microyarns, the continuity of the conductive network of PANI is improved. It is also found from the Table V that the electrical conductivity of the hetero-structured microyarns is slightly stronger than that of the homo-structured microyarns. This is due to the presence of the insulating RE complexes distributed in all of the nanofibers in homostructured microyarns, which impedes the generation of continuous conductive network to some degree.
We also investigated the influence of a copper funnel with different rotational speeds on the electrical conductivity of the hetero-structured microyarns (S11-S13, S4), and the test results are summarized in Table VI . The electrical conductivity of hetero-structured microyarns gradually increases with the increase of the funnel rotation speeds. this can be explained as follow: the faster the rotation speeds of the copper funnel, the greater the twist angle of the microyarns, and the more compact the arrangement of the nanofibers in the yarns, 67 which improves the conductivity of the hetero-structured microyarns.
CONCLUSIONS
In summary, a hetero-structured microyarn with electrical conductivity and color-tuned luminescence was successfully fabricated by a conjugate electrospinning technique. The hetero-structured microyarns have distinctly twisted structure and the fibers in the microyarns display high orientation with close alignment. The hetero-structured microyarns have enhanced luminescent properties owing 
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Conjugate Electrospinning Construction of Microyarns with Synchronous Color-Tuned Photoluminescence and Tunable Electrical Conductivity to the fact that hetero-structured microyarns are composed of two kinds of nanofibers with different properties to achieve the effective separation of light-colored RE complexes from dark-colored PANI. In addition, the electrical conductivity and emitting color of the hetero-structured microyarns can be modulated via changing the contents of PANI and the proportion of RE complexes, respectively. The design philosophy and construction technique described here could be extended for fabricating other multifunctional microyarns, with possible applications such as in molecular electronics and in full-color displays. 
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